The nontraditional electrochemical machining offers no tool wear, no burr, and no residual stress on a machined surface. Utilization of this process, however, is limited to special applications due to its low material removal rate. This paper describes how hybrid techniques can be applied to enhance the process. Teflon coated stainless steel tubes are used as electrodes to produce holes on 1018 steel and high-strength-low-alloy Domex 550MC steel. The study investigates material removal rate when coupling mechanical vibration below 50Hz and 25 µm amplitude with pulse current up to 100 Hz.
Introduction
Electrochemical machining (ECM) is a non-contact, controlled atomic level anodic dissolution process.
The process is used to shape an anodic workpiece by moving a cathodic electrode (tool) at a controlled feed rate and motion. An electrolyte flows between the electrode to maintain the temperature and flushing the dissolved debris. The process removes practically all conductive materials regardless of its hardness or strength. With some modification, the process can be modified to become electrochemical polishing or electrochemical grinding. The main advantages of the ECM process, however, are offset by (i) the challenge of dimensional control and process stability resulting from the complex and stochastic nature of the inter-electrode gap, (ii) the relatively low material removal rate (MRR) unless having a low voltage yet very high current power supply. Since the MRR depends on the ion transport mechanisms between the electrodes, effective techniques to create more ions from anode and flushing the byproducts quickly are sought. The objective of this research is to develop a hybrid system that utilizes mechanical vibration and pulse current to enhance the process.
Literature Review
In subtractive process, the productivity is measured quantitatively as MRR. Common practice for ECM is to measure the removed volume or weight loss within a specific time. Based on the classical Faraday's law for electrochemical reaction, the MRR for electrochemical machining can be shown to be (McGeough, 1974 ):
Where V: removed volume M: molecular mass of anodic workpiece
d: workpiece density E: applied voltage
A: electrode area g: inter-electrode gap r: resistivity of electrolyte C: specific removal rate of workpiece
To improve the material removal in electrochemical machining process, numerous techniques are proposed. Rajurkar et al. (1993 Rajurkar et al. ( , 1995 investigated the pulse ECM characteristics by studying the movement of the bubble-mixed electrolyte layer in the inter-electrode gap. They found that both current density and the on-time pulse had significant effects on the effective volumetric electrochemical equivalent, and short pulses (high frequency) were preferable for the enhancement in the localization of the anodic dissolution, which also led to significant improvement in dimension accuracy. The author also pointed out that electrolyte flow paths, electrolyte velocity, and pulse on-time were important to reduce the variation in the anodic removal rate.
Equation (1) indicates that voltage or current has significant influence on the MRR as confirmed experimentally by numerous researchers (Wang and Zhu, 2008; Munda et al., 2007; Ebeid et al., 2004; Senthilkumar et al., 2013; Maity and Verma, 2014; Munda and Bhattacharyya, 2008) . In addition to the current amplitude, the frequency and duty cycle of a pulse current also have significant influence in ECM. Munda et al. (2007 Munda et al. ( , 2008 applied pulse current of 35-55 Hz, and set the pulse on/off ratio Experimental Investigation of Vibration-Assisted Pulsed ECM Feng et al. within one pulse cycle to be 0.5-2.5. They reported that increasing the pulse on/off ratio at 35 Hz would initially increase the MRR since actual machining time would increase. However, MRR decreased with further increase in pulse on/off ratio due to less off-time since reaction byproducts cannot be completely flushed away from the reaction zone, therefore hinder further electrochemical reaction. The same trend was also found by other researchers (Kim et al., 2005) .
To enhance flushing rate in ECM, mechanical vibration was applied to improve flushing of debris while refreshing the anode surface with new electrolyte. During the on-time, the electrode would move towards a workpiece and remove the materials as metallic ions; during the off-time the cathode would move away from the workpiece surface to increase the electrode gap, therefore, facilitate flushing and enhance the ion forming rate at anode. Synchronization of mechanical vibration with pulse current frequency, and the vibration amplitude are two fundamental parameters of the vibration assisted electrochemical machining. Bhattacharyya et al. (2007) pointed out that (i) the benefit would gain from low frequency vibration rather than high frequency vibration, (ii) the MRR would increase with an increase in tool vibration frequency at every value of machining voltage. Liu et al. (2013) applied vibration to ECM stainless steel in another study and found that at low vibration frequency of 50 Hz, the MRR increased with increasing of vibration amplitude. But at high vibration frequency of 300 Hz, vibration amplitude had no effect on the MRR. When vibration amplitude was fixed, the MRR initially increased then decreased when increasing vibration frequency. They concluded that (i) the amplitude range of 3-14 µm and frequency range 50-200 Hz had the most impact, and (ii) the maximum MRR was 0.0388 mg/min when applying vibration at 50 Hz frequency and 12-µm vibration amplitude.
Increasing feed rate would improve MRR. However, if the feed rate is faster than the rate of anodic ionization and flushing rate of ions, then short circuit and detrimental sparks would occur.
Similarly, sparking might occur when the vibration amplitude is too large during the active on-time. A low voltage and high current source would minimize the sparking issue.
Some researchers coat a non-conductive layer on electrode circumference to increase current density in the frontal area and reduce the stray current. Coating involves technical challenges such as choosing the appropriate coating material that strongly adheres to the substrate, is nonconductive, robust, and uniformly thin with minimum porosity while having superior chemical and thermal resistance. Conductive ECM electrodes had been successfully coated with polyethylene terephthalate (PET) powder by electrostatic spraying (Wang et al., 2010) , synthetic material , Parylene by vapor deposition polymerization under vacuum, (Liu et al., 2013) , epoxy resin (Ebeid et al., 2004) , and silicon nitride/silicon carbide (Bhattacharyya and Munda, 2003) .
This research aims to develop a laboratory ECM system that combines mechanical vibration and pulse current to enhance removal rate of high strength steel. Through electrode flushing with uncoated and coated electrodes is applied and parameters are optimized to enhance the process. The computer controlled positioner includes two Velmex motorized Xslide frame, a rotary plate and a VXM-3 controller system. The system has a load capacity of 15.9kg horizontally and 4.5kg
vertically with straight-line accuracy of 0.076mm/25cm, feed rate 2.5-5000 µm/s, and repeatability of 0.00025mm.
The Longer WT600-2J peristaltic pump with KZ25 pump head delivers up to 5000 ml/min either manually or by external remote control.
The digital EVERLAST 255 EXT DC power supply provides either DC or pulse DC of 3-150A up to 500 Hz.
Stainless steel tubes (ø9.5mm OD, 0.3mm thick) were selected. About 20 mm ends were coated with
Teflon both outside and inside. The coated ends were carefully sanded off using 600-grit abrasive paper to make it conductive. Rectangular workpieces (50x60x3.5mm thick) were machined for ECM experiment. The 6061-T6 aluminum was used for verifying purpose, and actual work were performed on both 1018 steel and high strength Domex 550MC steel (Table 1) Fresh potassium bromide (KBr, 1 mol/L) solution was used for each experiment. The solution concentration was monitored with the Hanna 8734 conductivity meter to be 118-123 mS/cm, while its temperature was monitored with the Omega HH374 thermometer. Response Surface Methodology was utilized to study the effect of variables on ECM results, and a second-order polynomial response surface model was developed to evaluate the parametric effects. Table 3 lists the inputs for a central composite rotatable half design. Each condition was repeated twice for repeatability evaluation.
To begin an ECM operation, an electrode was positioned perpendicular to and 0.3 mm away from the workpiece surface. After pumping electrolyte and switching on the power, the electrode was programmed to move 2.5 mm horizontally into the workpiece surface at predetermined feed rate (Table 3 ). The material removal rate was calculated with the removed volume and machining time.
Pressurized wax was injected to mold an ECM'ed cavity using the ARBE system. After solidification, the molded wax was removed and its weight was measured using the A&G GR120 analytical balance with 0.1 mg resolution. The actual volume was then compensated for wax shrinkage upon solidification. To find the wax shrinkage factor, four holes were first drilled into a ground plate, then their diameters were measured using the Mitutoyo QS-E2010B vision system and the plate thickness was measured with a micrometer. Volumes of drilled holes were calculated and compared with molded volume of wax to find the average wax shrinkage factor. Experimental data were analyzed using vibration frequency reduces the system's peak-to-peak amplitude (Figure 2) . Flowrate of the Longer WT600-2J peristaltic pump was also calibrated by measuring the required time to fill a predetermined volume (Figure 3 ). 
Effect of material compositions
In addition to 6061-T6 aluminum alloy, both the Domex 550MC high strength low alloy steel and the 1018 plain carbon steel were selected for this study. Tables 5-6 Although the Domex 550MC steel is much harder and stronger than the plain carbon steel 1018, both steels would have similar MRR in ECM since their respective cumulative C's are almost identical.
Using 1018 steel, therefore, would be more cost effective for optimizing of the ECM process. Table 6 . Volumetric removal rates of elements in 1018 steel.
Experimental Investigation of Vibration-Assisted Pulsed ECM Feng et al. A coated electrode reduced stray current and produced a sharper hole profile ( Figure 4) ; however, the significantly reduced effective electrode area increased current density and promoted sparking between the electrode end and the workpiece as in electrical discharge machining. A lower current was applied when using coated electrodes. 
Response-Surface results

Effect of feed rate
Figures 5 and 6 show the effect of electrode feed rate on the MRR for both uncoated and coated electrodes. As expected, the MRR increases with increasing feed rate. An increasing of feed rate leads to decreasing machining time when the fixed travel distance of electrode is maintained, therefore, enhancing the MRR. In addition, coated electrode is more efficient than bare electrode in ECM: MRR of ~40 mm 3 /min was achieved with a coated electrode operating at 14 µm/s feed and 25A peak current (Figure 6 ), but the similar feed and peak current give only 35 mm 3 /min when using an uncoated electrode ( Figure 5 ). This benefit is realized even with lower vibration amplitude (5 µm instead of 15 µm) and higher pulse frequency (80 Hz instead of 60 Hz). Figure 7 and 8 show the trend of MRR when ECM using DC current (0 Hz), and pulse current (at 60
Effect of pulse current and electrode insulating
Hz and 100 Hz at 50% duty cycle). To get the same average current, the peak currents were set at 13A
for DC and 25A for pulse DC. A pulse current allows additional time for flushing debris, pumping fresh electrolyte to the anodic workpiece surface, while reducing the temperature of the electrolyte bath. Increasing of MRR for coated and uncoated electrodes shows the effectiveness of using pulse current over DC current in ECM. Pulse current affects the ion transport mechanism between anode and cathode. In ECM, metallic ions are first formed by an anodic reaction, and then move toward the cathode to react with acceptors. The acceptors could be (i) chemical compounds in the electrolyte to combine with metal ions to form complex species, or (ii) electrons at cathode to combine with metal ions to form a metallic plating layer. A current pulse forms metallic ions during the on-time, and allows the ions to diffuse away from the anode surface to react with acceptors during the off-time. An ideal process would be such that the rate of ion forming is exactly the same rate of ion-acceptor combining rate, and the removal rate of the resulted byproducts.
Electrodes coated with thin Teflon insulator produce sharper hole profile and smaller over cut (Figure 4 ). The anodic dissolution reaction is concentrated at the electrode end rather than around the end and wider overcut around the circumference of an uncoated electrode due to stray current of a wider electrical field. The electrolyte flow rate in a narrower gap between coated electrode and anodic workpiece, therefore, is higher and enhance the ion transport mechanism.
Experimental Investigation of Vibration-Assisted Pulsed ECM Feng et al. Coated electrode, vibration at 50 pp, feed 17.5
Figures 9 and 10 show the effect of peak current and pulse current frequency on MRR for uncoated and coated electrodes, respectively. As expected, both the MRR_C and MMR_UC increase with higher peak current due to higher metallic ion forming rate. The ion-acceptor combining rate, however, is limited at high pulse frequency (short off-time) and a less electrolyte flow rate in the larger gap between the uncoated electrode and its surrounding anode. The MRR-UC is saturated at high current and high pulse frequency as shown by the lower slopes at higher pulse current (Fig. 9b) .
On the contrary, the coated electrode reduces exposing area of the electrode at its inner and outer circumferences while increasing current density at its tip. The electrolyte flow rate, being higher in front of and between anode and cathode, effectively provide fresh acceptors to form complex species and flush them away. The effectiveness of coated electrode is demonstrated with the high slope of MMR_C at high pulse current and pulse frequency. Comparable MMR can be obtained with a coated electrode at nearby 50% lower pulse current to minimize arcing while reducing temperature of the electrolyte. The similar MRR value ~40 mm 3 /min can be achieved by ~22A, 100 Hz pulse frequency using coated electrodes, but it would need ~40A, 100 Hz pulse frequency for uncoated electrodes. The mechanical vibration assisted ECM is 50 Hz, 5µm peak-to-peak amplitude when using coated electrode, but it would need 50 Hz, 25µm peak-to-peak amplitude for comparable MRR results.
Effect of mechanical vibration
The objective of vibration assisted ECM is to enhance flushing of metallic complex species and improve the acceptor replenishing rate. Since it is a technical challenge to synchronize the mechanical vibration frequency and pulse current frequency, most researchers apply the vibration without synchronization. Figures 11-14 show advantages of using coated electrodes to achieve similar MRR using lower electrical energy and mechanical vibration energy, the figures also show similar trends for both coated and uncoated electrodes: The MRR increases with peak current at all tested vibration frequencies 10-50 Hz. This agrees with the conclusion by Bhattacharyya et al. (2007) .
A combination of high vibration frequency and low vibration amplitude (50 Hz and 5 µm peak-peak) allows a higher MRR than at low vibration frequency and high vibration amplitude (10 Hz and 25 µm peak-to-peak). This, however, conflicts with the results by Liu et al. (2013) stating that the MRR would increase with vibration amplitude at 50 Hz vibration.
Unusually low MRR's are obtained at either low frequency at short vibration amplitude or Experimental Investigation of Vibration-Assisted Pulsed ECM Feng et al. high frequency at large vibration amplitude. The low frequency at short vibration amplitude condition (10 Hz and 5 µm peak-to-peak) does not significantly improve the acceptor rate, while the high frequency at high vibration amplitude (50 Hz at 25 µm peak-to-peak) might generate turbulence in the flow that interferes with the ion-acceptor combining rate. Bubble forming that intervenes with ion transport mechanism was also proposed by Liu et al. (2013) . 
Conclusions and Recommendation
Electrochemical machining (ECM) of plain carbon steel and high strength low alloy steel was studied.
The developed ECM system featured horizontal movement using Teflon coated tubular electrodes with pulse current and integrated mechanical vibration. Statistical models based on Response Surface
Methodology were used to understand the effect of ECM parameters, electrode coating, and vibration variables. It was shown that:
1) The material removal rate (MRR) of plain carbon 1018 steel was comparable with that of the expensive high strength low alloy Domex 550MC steel.
2) Improving MRR requires maximum rate of ion formation on workpiece surface, diffusion rate to the ions away from the anodic surface, combining rate of ions and acceptors that form metallic species, and the replenishing rate of acceptors to the electrode gap.
3) Pulse current provided necessary off-time during which the fresh electrolyte can bring in acceptors for ion-acceptor reaction, and flushing away the by-products.
4) Coated electrode improved MRR by effectively replenishing of acceptors from fresh electrolyte while flushing away the complex metallic species through a narrow electrode gap.
It also produced a shaper hole profile due to higher current density, but was limited due to sparking when using at high current and high voltage. Although the MRR was improved with an uncoated electrode, ECM at high pulse frequency, therefore shorter off-time, reduced the flushing rate and limited the MRR.
5) Vibration workpiece at 50 Hz and 5µm peak-to-peak amplitude during ECM produced the most MRR for both coated and uncoated electrodes at any pulse current.
Future study would focus on utilizing a suitable power supply for high current and low voltage to minimize detrimental sparking between coated electrode and a workpiece. The current study utilized 50% duty cycle of the pulse current, but future work would explore the effectiveness of increasing the duty cycle to improve the material removal rate and part quality.
